Abstract: Galbanic acid (GA) is known as an effective photo-sensitizing agent in polyethylene. This paper reports the comparative studies on photo-oxidative degradation of LLDPE films in the presence of varying amounts of galbanic ferric salt (Fe-GA), tetrabromo galbanic acid (Br-GA), GA at the optimum concentration of 0.2% (w/w) and the pure polymer film, exposed to Ultra-Vitalux sun lamp. The degradation rate was monitored through the changes in mechanical properties (retained elongation at break and retained tensile strength) and also carbonyl index. The results obtained revealed that Fe-GA efficiency in enhancing oxidation rate of polymer upon UV exposure is remarkably much more than of GA. In contrast, Br-GA is responsible for initiating photo-oxidation of the polymer and has negligible effects on the rate of degradation. Based on the results obtained, it was proposed that the photo-activity of GA in the polymer arises from the C=C bond present in the side group attached to aromatic lacton rings of additive molecule, probably through its reaction with singlet oxygen and subsequent generation of hydroperoxide. This mechanism in combination with catalytic effect of iron (III) accounted for the higher effect of Fe-GA in accelerating photo-oxidation rate of the polymer.
Introduction
Polyethylene (PE) in various types (LDPE, LLDPE, and HDPE) is currently one of the most used commercial polymer for packaging because of its many advantages. [1, 2] . The polymer films, bags, bottles, cups, blister packages, etc provide stable, relatively unbroken, chemically resistant, light weight packages. However, it is well known that PE, due to its inherent inert nature and high molecular weight (>100000) [3] does not degrade easily by natural surroundings, hence it causes serious environmental problems with regard to disposal of one-trip packaging. The magnitude of the discarded PE packages has led us to find new methods of making this polymer biodegradable. The most common approaches include introducing keton carbonyl groups into the polymer chain [4] [5] [6] or mix it with suitable additives (sensitizers) which absorb the ultraviolet of sun-rays and generate reactive chemical intermediates which facilitate disintegration and photo-oxidation of the polymer [7] . The fundamental processes which occurs in the photo-oxidation of polyethylene have been extensively studied [8, 9] . It is reported that when the molecular weight of the polymer reached ~5000, the oxidative fragments become biodegradable [10] . Number of aromatic ketones, organo soluble transition metal compounds and complexes such as dithiocarbamates and acetyl acetonaye, etc., are the additives normally used for initiation or sensitization of photo-oxidation of PE [11] .
In our previous paper [12] we reported that LLDPE film which contains small amount (0.2wt %) of galbanic acid (GA) a lacton compound with the following chemical formula as expressed in Scheme 1 exhibited a profound increase in photo-oxidation rate when compared with the virgin polymer film. Scheme 1. Galbanic acid chemical structure.
Also it was found that in the presence of this new additive stability of the polymer improved upon heat processing considerately [13] . The results obtained from model study (using coumarin), proved that the coumarin residue present in GA molecule has no contribution in photo-activity of this additive in LLDPE.
This work is in continuation of our previous study and reports the comparative investigations of overall photo-oxidative degradation of LLDPE films incorporated with different concentrations of a saturated derivative of GA; tetra bromo-galbanic acid (Br-GA), a transition metal salt of GA; ferric galbanate (Fe-GA), the films containing 0.2%(w/w) GA and without additive (blank sample). The main objective of the present work is to prove the double bond existing in the substituted moiety of GA (C 4 =C 5 ) is the center of photo-activity of this additive and second to check if photoactivity of GA is enhanced by converting it to ferric salt, keeping in mind that iron salt of organic compounds act as highly strong photo sensitizer in PE [7, 8, 14] . The laboratory procedures used for preparation of Br-GA and Fe-GA compounds would be included.
Results and discussion

FTIR Study
Infrared spectroscopy is a powerful method for studying oxidation degradation of polyethylene and more generally synthetic polymers [5] . The original FTIR spectra obtained for all of the formulated films were the same. In spite of the presence of GA, Br-GA and Fe-GA which contain carbonyl groups in their molecule, the original spectra showed no absorbance in carbonyl region (1620-1850 cm -1 ), suggesting that the content of carbonyl group was too low to be present in the spectra.
All of the formulated films showed evolution of new absorption band in their spectra due to photo-oxidation degradation exposed to air as shown in Fig.1 . for the film sample of Fe-GA 0.2. The main modifications were growing absorbance bands in three domains of the infrared corresponding to carbonyl species (at ~ 1712 cm -1 ), hydroxyl group (at ~3500 cm -1 ) and olefinic bond (at 1634 cm -1 ) [10, 18, 19] . These observations were in accordance with the accepted mechanism for oxidation degradation of PE [9] . . displays the variation in carbonyl index (CI) as a function of exposure time for the studied films. As it can be seen incorporation of Fe-GA at 0.2 % accelerate photo-oxidation rate of the polymer remarkably without an induction period and the additive has a predominant effect on the rate of carbonyl formation than GA at a concentration of 0.2% (w/w), on all stages of degradation. Fig.2 . also shows samples containing Fe-GA shows higher increase in CI in comparison with the other samples. In contrast, it can be easily seen that addition of Br-GA (0.2 and 0.4 %w/w) causes a negligible increase in oxidation rate of the polymer film compared to the respective rate in the Blank film, and no carbonyl appears even after 50 h irradiation in presence of this saturated derivative of GA.
It is generally believed that PE films enter into the decay stage at CI greater than 0.06 [20] . This implies that the film containing 0.2% of Fe-GA starts decaying within 150 h exposure time. Whereas the polymer film containing 0.2% GA requires about 300 h. and the films containing Br-GA almost similar to the blank film requires a minimum of 450 h irradiation time to reach the decay point. The general conclusion from this result is that GA loses its photo-activity in LLDPE by saturation of its C 4 =C 5 bond. On the other hand Fe-GA is a strong photo-initiator or photo-sensitizer for oxidation of LLDPE and is more efficient than GA itself in this respect.
Mechanical properties
Elongation at break, as well as ultimate tensile strength are considered to be significant tensile properties which are very sensitive to photo-oxidation processes in PE film [12, 21] . Fig. 3, 4 . represent the changes in percentage of retained elongation at break (ε r ) and percentage of retained ultimate tensile strength (S r ), for the studied films as a function of irradiation time respectively. The initial tensile strength and elongation at break of all formulated films with the additives were similar to the blank film. This observation indicated that, the additives did not catalyze thermal degradation of the polymer under the processing condition. Figs. 3,4 . show that the process of photo-oxidation is much more efficient in the polymer film containing 0.2% of Fe-GA than the film with the same amount of GA. This is evident from rapid elongation loss of 50 % and ultimate tensile strength loss of 68 % for the former film relatively in short exposure time of 50 h, which suggest chain scission is favoured oxidation upon UV irradiation. Whereas the film containing 0.2% GA retained 50 % of it's ε r and S r after about 100 h exposure time. Fig. 3,4 . show that the efficiency of Fe-GA on accelerating photo-oxidation of the polymer is dependent on its concentration. It should be mentioned that the films containing 0.2% and 0.1% Fe-GA became completely brittle after 75 h and 100 h UVirradiation respectively and could not be further tested for their mechanical properties.
As it can be seen in Fig. 3,4 . the films containing 0.2% and 0.4% of Br-GA only show a slight difference in ε r and S r variation in comparison with the blank film up to 450 h irradiation. This observation confirm that Br-GA has a negligible influence on the rate of photo-oxidation of the polymer.
It is apparent from Fig. 3,4 . that ε r and S r of the films containing GA, Br-GA and the blank films initially increase upon irradiation up to about 50 h and then decrease steadily until the samples become brittle, such behavior could be attributed to the changes in chain scission/ crosslinking ratio that the polymer undergo during UV irradiation [22, 23] . Thus, the initial increase in both ε r and S r could be attributed to the formation of cross links between the polymer chains, However decreasing of its value upon extension of exposures time in air, UV provokes chain scission, hence formation of low molecular weight fragment and introducing oxygen groups on the chain.
As a whole the photo-activity of Fe-GA in part could be attributed to the presence of iron atom in its molecular structure, It catalyzes decomposition of the hydroperoxides formed upon oxidation step to generate free radical according to the general mechanism shown in scheme 2 [4, 5] 
Conclusions
In the present study, effects of ferric salt of galbanic acid (Fe-GA), tetra bromo galbanic acid (Br-GA) on photo-oxidation degradation of LLDPE were compared with Galbanic acid (GA), using FTIR spectroscopy and tensile properties measurement.
Results obtained proved that saturatation of C 4 =C 5 of GA molecule leads in loss of photo-activity of additives, indicating that this bond plays the main role in initiation and acceleration of the polymer photo-oxidation. Also it was confirmed that Fe-GA accelerates photo-oxidative degradation of LLDPE at a concentration of ≤0.2 more than GA at concentration of 0.2%, but Br-GA has a negligible effect on the polymer degradation. Therefore It was concluded that the presence of Fe-GA in LLDPE is more beneficial than GA itself, for accelerating photo-oxidative degradation of the vast LLDPE films in open air. Furthermore, the degradation rate of the polymer can be controlled by changing the content of the iron salt in LLDPE film.
Experimental part
Material and methods
Additive free film grade LLDPE, L-0209 (MFI=0.9 g/10min, density=0.92 g/cm 2 ) was provided by Arak Petrochemical Co Iran. Galbanic acid was extracted from galbanium resin available in domestic market according to the procedure described by Iranshahi and colleagues [15] . All other chemicals used in this study including anhydrous ferric chloride , a 5% (v/v) solution of bromine in ethyl alcohol, and all solvents were purchased from Merk KGaA.
Ferric galbanate was prepared by adding 100 ml of an aqueous solution containing 1.36g ferric chloride to 100 ml of an etheric solution containing 12 g GA, in a separatory funnel. After shaking for a while the funnel was left aside for 24 h. The brown-solid formed between the two phases of ether and water was then removed from the funnel and rinsed several times with water and diethyl ether in the same funnel until no Fe 3+ was detected by 0.1 mol/l KSCN solution. It was dried in a vacuum oven at 50 o C and denoted as Fe-GA. The iron content in the prepared ferric salt was evaluated using x-ray fluorescence technique (XRF) with the aid of a Phillips, X Unique II (Netherland) apparatus and was determined to be 4.47 %. Elemental analysis was carried out using a Vario EL elementar. The C and H content were 69.27 % and 6.99 % respectively. The results indicated that the molecular structure of Fe-GA is similar to Fe (C 24 H 29 O 5 ) 3 .
Br-GA was prepared by adding 20 ml of 5%v/v solution Of Bromine in ethylalcohol to a 20 ml alcoholic solution containing 1.0 g of GA in a round bottom flask. The mixture was shaken for a while and transferred into 300 ml of distilled water to precipitate Br-GA as a brown solid. It was separated by filtration, rinsed with distilled water and dried in a vacuum oven at 50 o C. The Br content of this compound as determined by the aid of XRF technique was 44.50 % and Its C and H contents were 40.14 % and 4.20 % respectively, indicating a molecular formula of C 24 H 30 O 5 Br 4 for the prepared Br-GA compound.
Film preparation
LLDPE was incorporated with each of GA, Br-GA and Fe-GA additives alone at 160 o c in a Brabender internal mixer with a rotor rate of 60 rpm within 6 minutes and converted into the films with a thickness of 250±2 µm at 170 o C within 2 minutes with the aid of a laboratory hot press. A film without additive was also prepared under the same conditions as the formulated blank film. The formulations of the prepared films are given in Table. 1.
Tab.1. Formulation of LLDPE films used for photo-oxidative degradation studies.
Photo-oxidation procedure
Accelerated photo-oxidation of all prepared films were carried out in a UV cabinet equipped with four 300 W UV OSRAM Ultra-Vitalux sunlamps emitting artificial sunlight with the same spectral radiation distribution of solar spectrum [16] . The experimental conditions and procedure used were the same as described in our previous paper [12] .
Evaluation of photo-oxidation
Mechanical properties of LLDPE films, i.e. tensile strength and elongation at break, were measured, using a GALDABINI machine model Sun 2500 (Italy). The test specimens with the length of 100 mm and width of 10 mm were cut out from each of the investigated films according to ASTM D882-95a. The tests were carried out in an air conditioned environment at 25 o C and a relative humidity of 40%. The speed of testing was 500 mm/min for samples with elongation at break greater than 100% and 25 mm/min for those with elongation at break less than 100%. Five specimens were tested for each experiment and average value was taken. The values of elongation at break after an exposure time of t, in hours, (ε t ) and before exposure to UV (ε o ) for a given sample were used for calculation of percentage of retained ultimate elongation at break (ε r ) which is defined as:
The percentage of retained ultimate tensile strength (S r ) was also calculated in the same manner.
The structural changes of the polymer samples upon UV-irradiation were investigated using FTIR spectroscopy. FTIR spectra were recorded at regular intervals using a Bomem FTIR spectrophotometer. The spectra were taken as an average of 20 scans at a resolution of 4 cm -1 in the range of 4000-400 cm -1 .
Carbonyl index (CI) as calculated by based line method was used to monitor the rate of photo-oxidation degradation rate of the studied films. 
Absorption bond at 2019 cm -1 was selected as an internal thickness band in order to minimize the errors arises from the samples thickness [17] .
